The voltammetric behaviour of 4-nitroso-N,N-dimethylaniline (4-NDMA) was investigated on plain glassy carbon electrode (GCE) and multi-walled carbon nanotube modified GCE (MWCNT/GCE) using cyclic voltammetry. Effects of pH, scan rate and concentration were studied. The surface morphology of the modified electrode in the absence and presence of 4-NDMA molecules was characterized by atomic force microscope (AFM). A systematic study on the variation of experimental parameters with differential pulse stripping voltammetry (DPSV) was carried out and the optimized experimental conditions were arrived. MWCNT/GCE performed well compared with the plain GCE system and the limit of detection (LOD) was found to be 7.5 ng/mL 0.1056 ng/mL for 4-NDMA on plain GCE and MWCNT/GCE respectively.
Introduction
The development of electrochemical sensors has recently gained increasing interest for environmental monitoring because they provide more selectivity, higher sensitivity, easy operation in complex media and amenability to miniaturization. The most attractive feature of electrochemical techniques is the possibility to design a chemically modified electrode (CME) for sensitive and selective analytical applications. Electrocatalytic property is one of the noticeable features of CME to be utilized in electroanalytical chemistry [1] .
Carbon nanotubes (CNTs), a fast developing material classifying into single-walled (SWCNT) and multi-walled (MWCNT), are used as modifier for the electrode surface by simple casting from acetone or dimethyl formamide (DMF) sonicated solutions. Various chemical sensors based on CNT have been developed to detect some important species that are related to human health or environmental pollution monitoring, such as pesticides, dyes [2] etc. Researchers have demonstrated that CNTs have a high electrocatalytic effect, a fast electron transfer rate and a large working surface area [3] . Sims et al. and Kachoosangi et al. employed MWCNT modified electrodes for the adsorptive stripping voltammetric determination of hesperidin and paracetamol respectively [4, 5] . Goyal et al. constructed voltammetric biosensors for the determination of paracetamol at carbon nanotube modified pyrolytic graphite electrode [6] .
The use of inorganic materials as the modifying agents represents another useful andpromising approach, as described by Cox and coworkers [7] in their review concerning electroanalysis with electrodes modified by inorganic films. The most common inorganic species used to modify electrochemical interfaces includes metal oxides [8] . However MWCNT offers the most complete range of interesting properties required at an electrochemical interface, including shape, size and charge selectivity, physical and chemical stabilities, high ion exchange capacity in a micro structured environment and hydrophilic character. Many efforts have been made to prepare, in a reproducible way, MWCNT modified electrodes displaying good sensitivity, reproducibility, selectivity and durability.
Aromatic C-nitroso derivatives are interesting organic compounds which provide unusual problems and concepts for all branches of chemistry. For example, in dimerization, they play an ambivalent role: a molecule of nitroso compound behaves as the nucleophile, whereas in another molecule, the nitrogen atom of the nitroso group plays the role of an acceptor [9] . These compounds were also used in the synthesis of some natural product building blocks with high enantiomeric purity [10] . On the other hand, the presence of two heteroatoms (oxygen and nitrogen) in the nitroso group makes these compounds suitable as ligands for the synthesis of a wide variety of metal complexes [11] . From the medical point of view, N-Nitroso compounds are known to be potent animal carcinogens [12] .These compounds react in biological systems with biomolecules that have sulfur atoms such as proteins with cysteine residues or glutathione, as potential nucleophiles [13] . 4-Nitroso-N,N-Dimethyl-Aniline (4-NDMA) is acting as a spin trap [14] for the indirect detection of hydroxyl radicals. This spin trap system does not react with singlet oxygen and reacts selectively with hydroxyl radicals. The oxidation of phenylenediaminesto quinine diimines is used as the base for electrochemical glucose sensors. Nitrosoaniline can be used for the enzymatic oxidation of glucose and its reduction product is phenylenediamines [15] .
The electrochemical behaviour of nitrosobenzene and other aromatic Cnitroso derivatives has been extensively studied, in both protic and aprotic media [16] [17] [18] . To the best of our knowledge, only a few reports on the electrochemical reduction of 4-nitroso-N,N-dimethyl aniline (4-NDMA) in aqueous and non-aqueous solutions have been reported [19, 20] . The presence of the electron-donating dimethylamino group, conjugated to the nitroso group, has a significant influence on the electrochemical reduction of 4-NDMA. These data have caused us to study the electrochemical reduction of 4-NDMA in some aqueous buffer solutions ranging from pH 1 to 13 using cyclic voltammetry and differential pulse stripping voltammetry techniques.
Nitrosamines are extensively used in many fields of up-to-date technology. The more common chemical classes of nitrosamine employed at industrial scale was 4-nitroso-N,N-dimethyl-aniline. Because of its commercial importance, the impact and toxicity of the in the environment have been extensively studied. Nitrosamines released into the environment are source of public concern because they cause water bodies to become polluted, absorbing and reflecting sunlight, which in turn interferes with the aquatic ecosystem and may cause chronic and acute toxicity. Toxicity data for a wide range of nitrosamines have recently been reported and therefore, their high world consumption in rubber industries has attracted the critical attention of the public and the authorities with respect to the toxicological and environmental aspects of the reactive nitrosamines. So, detection, identification and determination of nitrosamines are very important areas of study. Nowadays, most of the pollutants have been determined in trace levels quantitatively using DPSV. The electro chemical behaviour and the interaction of dye with calf thymus DNA was investigated by Yang et al. on a bare GCE and DNA modified GCE respectively [21] .
Goyal et al. studied the voltammetric determination of Uric acid, Adenosine and guanosine at fullerene-C60 modified glassy carbon electrode [22, 23] . Khani et al. employed multi-walled carbon nano tubesionic liquid-carbon paste electrode as a super selectivity sensor for the voltammetric determination of mercury ion (II) in aqueous solution [24] . Adsorption and electrochemical reduction of pyrantelpamoate was studied at hanging mercury drop electrode by Gupta et al. employing adsorptive stripping voltammetric technique [25] and Manisankar et al. investigated square-wave stripping voltammetric determination of insecticides using MWCNT and polymer/MWCNT composite electrodes [26] .
In the present investigation, the voltammetric behaviour of 4-nitroso-N,N-dimethyl-aniline (4-NDMA) at bare glassy carbon electrode (GCE) and multi-walled carbon nanotube modified GCE (MWCNT/GCE) were studied. Cyclic voltammetry along with the development of differential pulse stripping voltammetric procedures for the determination of the pollutant of 4-NDMA.
Experimental Methods

Chemicals
Multi walled CNTs (ID × length 2-15 nm × 1-10 mm) was purchased from Sigma-Aldrich and AR sodium dodecyl sulphate (SDS) from Merck. 4-Nitroso-N,N-dimethyl-aniline was received as sample from Sigma-Aldrich. Triply distilled water was deionized using TKA water purifier and used throughout the experiments. The aqueous solutions used at different pH valueswere 0.1 M H2SO4 (for pH 1), acetate buffer (for pH 4), phosphate buffer (for pH 7), borate buffer (for pH 9) and 0.1 M NaOH (for pH 11 and 13) . The pH values of the buffer solutions were measured by Elico 1120 model pH meter.
Instruments
A CH instrument electrochemical work station sinsil CH-650 was employed to perform cyclic voltammetry and differential pulse stripping voltammetry techniques. In all cyclic voltammetric studies, background current was measured at various scan rates and subtracted properly. The reproducibility of the result was often verified by voltammogram under identical conditions at various time intervals.
Pretreatment of Working Electrode
The surface of the glassy carbon electrode was pretreated before modification to get reproducible results. The GCE was pretreated by rubbing with 0.05 M of alumina slurry and wiped with a filter paper and then rinsed with water. Finally the electrode was treated electrochemically by running 12 cycles in the potential region -1.0 to 1.5 V at a slow scan rate (0.025 V/sec) in the same supporting electrolyte solution in which the measurement was carried out.
Preparation of MWCNT Modified GCE
1 mg MWCNT was dispersed in 1 mL of 0.1 M sodium dodecyl sulphate by ultrasonication for 30 minutes to give black suspensions. Cast films were prepared by placing 5 µL of the MWCNT/surfactant suspensions on GCE and then evaporating it in an oven at 50 °C.
Results and Discussion
Cyclic voltammetric studies of 4-NDMA was performed in the pH range 1.0-13.0 at bare GCE and MWCNT/GCE.
Cyclic Voltammetric Studies of 4-NDMA at Plain GCE
Cyclic voltammogram of 3.33 mM dm -3 4-NDMA at plain GCE exhibited two red-ox couples and one well defined reduction peak i.e. two anodic peaks (IA and IIA) and three cathodic peaks (IC, IIC and IIIC) at various pH media. A representative cyclic voltammogram was presented in Fig. 1 . Since the aim of the present investigation is to develop the procedure for the trace level determination of the pollutant 4-NDMA, the peak with high current (ipc = -149.3 A) i.e., irreversible cathodic peak at the potential +0.0585 V in this voltammogram has been given much attention. As the pH increased, this irreversible peak shifted cathodically and the maximum peak current was observed at pH 1 (Fig. 2) . Hence pH 1 was the optimum pH to perform further voltammetric studies of 4-NDMA. This irreversible cathodic peak is due to the reduction of 4-NDMA to N,N-dimethyl-pphenylenediamine (DPD) which is reported earlier. The mechanism for the reduction of 4-NDMA proposed in the previous literature is shown in Scheme 1. The UV-visible spectrum of 4-NDMA and its reduction product after running cyclic voltammogram was also studied. The peaks observed at 272 nm and 418 nm for 4-NDMA were shifted to 235 nm and 354 nm respectively in its reduction product (Fig. 3) . This hypsochromic shift observed is due to the decrease of conjugation owing to the reduction of 4-NDMA into N,N-dimethyl-p-phenylenediamine. In the FT-IR spectrum of the reduction product, the disappearance of the peaks in the region 1486 -1408 cm -1 (N=Ostr) which are observed for 4-NDMA, also confirms the reduction of -N=O group (Figs. 4 and 5) . At the optimum pH, the effect of scan rate was studied by varying scan rates from 0.01 to 0.5 V/sec. Here, the peak current (ipc) increases nonlinearly with scan rate () and linearly with square root of scan rate as predicted for the diffusion controlled system. The results of correlation are presented in Table 1 . The effect of concentration was also studied and it is found that as the concentration of nitrosamine increases, the peak current of reduction increases. The cathodic peak potentials are correlated with logarithm of scan rate which shows linearity. From the slope, transfer coefficient (n) values (Table 1) were calculated using the formula dEp/dlog v=30/n. The fractional value of n 0.9661 confirms irreversibility of the electron transfer in the reduction of 4-NDMA. 
Cyclic Voltammetric Behavior of 4-NDMA at MWCNT/GCE
Cyclic voltammograms of 4-NDMA at MWCNT/GCE in the pH range between 1 and 13 are represented in Fig. 6 . Here also, 4-NDMA exhibited two red-ox couples and an intense sharp reduction peak around -0.186 V (ipc= -172.4 A). The same reduction peak at plain GCE was observed at +0.0585V (ipc = -149.3 A) for the scan rate 0.100 V/s. The high current observed for MWCNT/GCE as compared with plain GCE may be attributable to increase in the electron transfer rate at MWCNT/GCE. The increase in the surface area and electrocatalytic effect of MWCNT surface causes an enhancement in the electron transfer rate. The plots ipc vs  1/2 , log ipc vs log and Epc vs log  were made and the results are presented in Table 1 . The straight line with good correlation between ipc and  1/2 was observed at MWCNT/GCE revealing the diffusion controlled reduction process. The fractional value of transfer coefficient (n = 0.4290) determined from the slope of the plot Epc vs log revealed that the pollutant 4-NDMA underwent irreversible electron transfer process at the modified electrode. 
Differential Pulse Stripping Voltammetric Studies
Differential pulse stripping voltammetric experiments were carried out to ascertain best conditions for the adsorption process. Many preconcentration stripping experiments were performed for accumulation potentials (Eacc) varying from -0.2 V to +1.0 V for 4-NDMA. Maximum peak current was observed at +0.6 V which was also the initial potential taken for this analysis. The accumulation potential chosen reveals that the accumulation is attributable to the physical diffusion of 4-NDMA. Accumulation time was varied between 15 sec to 75 sec after fixing the accumulation potential and the maximum peak current was observed at 60 sec. The maximum current signal was attributed to maximum electrode surface coverage under these conditions. The decreased current above the maximum current signal condition might be attributable to saturation of electrode surface and blocking of the products formed on the surface. Under optimum conditions, the nitrosamine 4-NDMA was accumulated on the modified electrode and the surface morphology was studied. The surface morphology of the modified electrode in the absence and presence of 4-NDMA molecules were characterized by AFM analysis. The wave-like structure of the coating in AFM photograph of MWCNT/GCE (Fig. 7A) confirmed the presence of MWCNTs on GCE which was previously reported [27] . Fig. 7B represents the AFM photograph of adsorbed 4-NDMA on MWCNT/GCE which is unquestionably distinct from that of MWCNT/GCE confirming the adherence of 4-NDMA molecules on the modified electrode.
Stripping peak current increased with an increase in amplitude from 0.025 V and 0.125 V and began to decrease above 0.125 V. Hence pulse amplitude of 0.125 V was selected for 4-NDMA because of its high current response. Pulse width was varied from 0.02 s to 0.1 s and the maximum current was observed at 0.04 s. After supplying each pulse, a quiet time of 2 sec was given before measuring the response. The experimental conditions for maximum signal from DPSV are given in Table 2 and were used to study the effect of concentration. Differential pulse voltammogram of 4-NDMA at different concentrations on plain and modified GCEs were recorded under optimum experimental conditions. Fig. 8 shows the DPSV responses of 4-NDMA on the plain and MWCNT/GCE at the same experimental conditions. The higher current observed for the modified electrode reveals the better performance of MWCNT/GCE than plain GCE. The peak current linearly increased with increase in concentration (Fig. 9 ) and the calibration plot of ipc vs. concentration led to good linear correlation (y=788.9x +13.62 for MWCNT/GCE). The limit of detection LOD for 4-NDMA was determined as 0.1056 ng/mL and 7.5 ng/mL on MWCNT/GCE and plain GCE respectively. Hence, the modified electrode MWCNT/GCE gives better response than plain GCE to detect the trace amount of the pollutant 4-NDMA. The precision of the method was ascertained by measuring the peak current of the analyte responses in five standard samples. Seven replicates were analysed at the concentration of 3.33 mMdm -3 and relative standard deviations were calculated. RSD values for 4-NDMA on plain GCE and MWCNT/GCE was 3.22% and 2.74% respectively. The lower LOD and low value of standard deviation observed in voltammetric determination proves the greater suitability of differential pulse stripping voltammetric method for the trace determination of the carcinogens. 
Conclusion
This paper describes a simple method for the preparation of the MWCNT/GCE modified electrode. The modified electrode used for studies of electrochemical behaviour of the 4-NDMA by cyclic voltammetry and differential pulse stripping voltammetry techniques. Based on this, a convenient procedure for the determination of trace amount of nitrosamine is proposed. The modified electrode MWCNT/GCE gave good response for 4-NDMA than the plain GCE and it was applied for the determination of above mentioned nitrosamine from rubber industry effluent. Hence, there seems possibility to develop an efficient carbon nano tube modified electrode as electrochemical sensor for the trace determination of nitrosamine which was a major industrial pollutant. 
